Rapid filling of low permeability cemented paste backfill (CPB) into underground stopes results in the generation of significant excess pore pressures. These are dissipated through conventional consolidation and shrinkage due to cement hydration. Gibson's solution for excess pore pressures in an accreting sediment can be used to assess the self-weight consolidation of CPB in a stope. In this paper, numerical modelling is used to determine the chemical shrinkage-induced pore pressure response for hydration of CPB for an accreting material and the results presented in a series of dimensionless design charts. It is shown that superposition can be used to combine Gibson's solution with the newly developed charts for chemical shrinkage-induced pore pressures. This allows a qualitative assessment of potential pore pressure development in a CPB backfilled stope.
Introduction
Cemented paste backfill (CPB) is a common technique used in underground mining to support the excavations created through the mining process and maximum ore recovery. The development of strength and stiffness in cemented paste backfill (CPB), necessary to support these excavations, is related to the effective stress under which the material hydrates. Effective stress in backfill is significantly influenced by the pore pressures within the stope (Helinski et al. 2007 ), thus it is important to develop an understanding of factors that influence pore pressures during and after stope filling.
A one-dimensional solution to evaluate pore pressures in accreting sedimentation was developed by Gibson (1958) . This may be applied to CPB to assess self-weight consolidation excess pore pressures. However, it is unable to account for changes in pore pressure driven by chemical shrinkage which occurs due to cement hydration (Fahey et al. 2010 ).
Chemical shrinkage occurs in cementing mine backfill due to the cement hydration process whereby the hydration product's density is greater than the average of its constituents (water and cement) (Power, 1935) . When the backfill material is saturated, chemically-induced volume changes require pore water movement, resulting in the development of excess pore pressures and subsequent consolidation. If the hydrating mixture has a high permeability, pore fluid can flow under very low hydraulic gradients with no appreciable change in pore pressure or effective stress.
However, for low permeability materials, large hydraulic gradients may be required to generate the flow, generating significant negative excess pore pressures and corresponding increases in effective stress Doherty 2015; Helinski et al. 2010 ). The typically low permeability values (ranging from 1.7x10 -5 to 1.9x10 -7 m/s) of CPB mean that the impact of chemical shrinkage on pore pressure is often significant (Grabinsky and Simms 2006; Helinski et al. 2007 Helinski et al. , 2011 . This is a critical issue in managing mine backfill, as the curing condition impacts backfill strength (Cui and Fall 2017; Ghirian and Fall 2014; Cui and Fall 2015) . The cemented D r a f t Walske & Doherty 2017 4 strength of mine backfill in turn influences the stress on mine barricades (Li and Aubertin, 2014; Thompson et al. 2012 ) and the exposure stability (Li 2014 
Gibson's Solution
Gibson's solution (Gibson 1958) was developed for a range of different boundary conditions, assuming a constant permeability k, constrained modulus E 0 and coefficient of consolation c v , where
and γ w is the unit weight of the pore fluid. The CPB fill height (H(t)) is determined based on a constant filling rate (m) and the time since fill commencement (t) such that
The base of the stope and top fill surface are assumed to be fully drained such that pore pressure (u) is zero (u = 0) at z = 0 and z = H(t), where z is a vertical coordinate measuring the height above the base of the stope. These boundary conditions can reasonably approximate the boundary conditions of a stope with a permeable base of a drainage system installed in the barricade wall.
Gibson's solution is presented in terms of a dimensionless time factor T,
and plotted in dimensionless form in Figure 2 , where γ is the unit weight of the fill.
Self-weight consolidation was also modelled numerically using ABAQUS, by creating a onedimensional model composed of separate, initially deactivated layers. A staged analysis was conducted by activating layers from the bottom upward at a rate corresponding to a given fill rate 
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Chemical Shrinkage
The shrinkage associated with hydration is proportional to the degree of hydration (Power 1935; Parrott et al. 1990; Bentz et al. 2008) , and assuming that the degree is inversely proportional to the rate of hydration, a maturity function (Muir Wood and Doherty 2014) can be used to define the volume strain induced by the chemical shrinkage (ε sh ) as a function of time.
where ε sh f is the chemical volume strain after full hydration, κ h is a parameter controlling the rate of hydration, with units of t -1 , and t′ is the time since commencement of hydration. The parameter κ h could be determined from a hydration cell test as demonstrated by Doherty and Muir Wood (2016) .
Chemical shrinkage is considered to be the primary cause of self-desiccation in CPB and is the focus of this paper. Autogenous shrinkage (a subset of chemical shrinkage) only occurs where no free water exists within the system (Tazawa et al. 1995; Sant et al. 2006 ); this is not the case with CPB due to the high w/c ratios typical of CPB. Muir Wood and Doherty (2014) showed that an incremental volume strain δε sh (t′) can be generated by a change in pore pressure (δu(t′)) given by
where and where n is the porosity of the material, which may change as a function of time due to porosity reduction with cement gel growth and changes in effective stress. K w is the bulk stiffness of the pore fluid, assumed to be water (2,000 MPa).
If the hydration of the backfill commences at the time of deposition, (in reality this may not be the case, but is assumed here for simplicity), then the hydration time (t′) at a particular location through the height (z) can be related to the time since filling commences (t) and the fill rate (m).
Muir Wood and Doherty (2014) showed for a one-dimensional problem with shrinkage strain as in
Equation 5, that the pore pressure is governed by the dimensionless parameter
where H is the length of the drainage path. Combining Equation 3 and 8, it can be shown that
Therefore the fill time (t) and hydration rate (κ h ) provide a link between the term controlling the self-weight consolidation (T) and the term controlling the pore pressure due to chemical shrinkage These charts provide insight into the influence fill time (t) and hydration rate (κ h ) have on shrinkage-induced pore pressures. The shapes of the isochrones vary as a function of κ h t because hydration profiles also vary with κ h t ( Figure 5 ). For low values of κ h t (slow rate of hydration compared with fill time), the magnitude of shrinkage-induced pore pressure is relatively low. It can be seen that the shrinkage-induced pore pressure increases up to κ h t = 11.5 and then reduces with a further increase in κ h t. This is evident in Figure 8 , where the normalised pore pressure (u/E*ε shf ) at
for various T values, is plotted against the normalised fill time (κ h t).
The optimum fill times required to achieve the maximum shrinkage-induced pore pressure at z/H = 0.5, range from 2.3 < κ h t < 11.5, beyond which the magnitude of shrinkage-induced pore pressure reduces. Note, κ h t′ = 5 indicates "practical" completion of hydration (Figure 4 ). This timeframe is significantly greater than typical backfilling times (usually 1-4 days), such that filling times may be unable to capitalise on peak negative pore pressures occurring due to chemical shrinkage.
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Superposition of pore pressure profiles
The total pore pressure response due to both self-weight consolidation and chemical shrinkage may be determined via superposition of Gibson's solution (Figure 2) , with the shrinkage-induced pore pressure response (Figure 6 or 7) . This was verified by conducting ABAQUS simulations that included both self-weight loading and chemical shrinkage. Simulations were then conducted that included (A) only self-weight loading and (B) only chemical shrinkage. It was found that the sum of A and B was identical to the initial simulation that included both self-weight loading and chemical shrinkage. This was confirmed for a number of parameter sets, and an example of this for a particular parameter set is given in Figure 9 .
Example Application
The charts (Figure 2 and Figure 6 and 7) were applied to a real stope filling scenario with parameters derived from actual stope filling data, the relevant details of which are provided here 
